R adiation therapy (RT), a critical component of breast-conserving therapy for breast cancer, has been associated with ischemic heart disease in numerous studies. [1] [2] [3] [4] [5] Meta-analysis by the Early Breast Cancer Trialists Group indicated that breast cancer patients receiving RT in clinical trials conducted over the past several decades have had significant excess mortality from heart disease (rate ratio 1.27, P ¼ .0001). 6 However, caution must be employed when extrapolating the results of this meta-analysis, which included older trials using outdated radiation techniques, to estimate risks for patients treated in the modern era.
Indeed, several single-institution studies have retrospectively compared patients treated to the left and right sides of the chest and failed to document increased risk in series of patients treated with more modern techniques. 7, 8 Furthermore, a large populationPresented in preliminary (abstract) form at the annual meeting of the American Society of Therapeutic Radiology and Oncology, November 2006.
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based analysis of women treated for breast cancer from [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] suggested that the increased risk of ischemic heart disease associated with RT has decreased over time. 9 The study, based on data in the Surveillance, Epidemiology, and End-Results (SEER) registries, compared ischemic heart disease mortality in patients with left-vs right-sided radiation treatments, hypothesizing that any difference in risk would be related to the differential cardiac doses received by the 2 groups. In 1979 the hazard ratio for women with left-sided treatment was 1.5, but the hazard of death from ischemic heart disease decreased by 6% with each succeeding year. Moreover, in a separate SEER-based analysis, when investigators compared cardiac morbidity in breast cancer patients treated with adjuvant radiation therapy to the left vs right side from 1986-1993 they found no significant differences in rates of hospitalization for ischemic heart disease, valvular heart disease, conduction abnormalities, or heart failure. 10 Still, it has been noted that even patients treated with RT to the right side may receive some cardiac irradiation if their internal mammary nodes were targeted and, therefore, comparison of patients with left-and rightsided disease may underestimate the potential toxicity of irradiation. 11 Furthermore, potential inaccuracies may exist in the SEER data, particularly regarding the use of radiation therapy, leading some to desire confirmation from more detailed, albeit smaller, databases from single institutions. 12 A retrospective review of rates of cardiovascular deaths in a population treated with postmastectomy radiation between 1975 and 1994 at a single institution documented very low rates of death from myocardial infarction (MI). 13 Yet in light of another SEER-based study that revealed breast cancer survivors to have a diminished risk of acute MI requiring hospitalization, 14 it is difficult to determine whether the low rate of events in that series simply reflects a lower baseline risk of ischemic cardiac disease in the breast cancer patient population, or whether it truly indicates that radiation therapy administered during that time period had little effect on risk. In fact, cardiac perfusion defects have been documented even in patients treated from 1998-2002 with advanced techniques of 3-dimensional planning, 15 although the clinical consequences of these changes in cardiac perfusion are not yet clear. Moreover, a recent retrospective study of patients treated from 1977 to 1994 at a single institution found a significant increase in posttreatment development of ischemic cardiac disease in left-sided patients, and this series notably included only patients treated with a contemporary tangential irradiation technique. 12 Further research in this area is therefore warranted.
In this study we assessed the incidence of ischemic cardiac events and associated risk factors in a series of patients treated with breast-conserving surgery and RT for early-stage breast cancer at a single institution over the past 2 decades. We also compared rates of ischemic cardiac disease in this population to the rates in an age-, race-, and sex-matched control population.
MATERIALS AND METHODS
From 1984 to 2000, 867 consecutive patients with AJCC 1999 stage I or II breast cancer were treated with breast-conserving surgery and RT at the University of Michigan Hospital. 16 The vast majority of these patients were clinically simulated with fluoroscopic guidance. The University of Michigan began to utilize routine computed tomography (CT)-based planning for all breast cancer patients in February 2000. CT planning, however, was used in node-positive patients from November 1997 onward to incorporate the internal mammary nodes in interspaces 1-3 in the target volume after the publication of the Danish and Canadian postmastectomy radiotherapy trials. [17] [18] [19] Megavoltage linear accelerator-generated photon beams were used for treatment.
After obtaining consent from the University of Michigan Institutional Review Board to review patient records for the outlined study, we reviewed these patients' inpatient and outpatient charts and found that 841 of these patients had records sufficient to determine the incidence of ischemic heart disease in follow-up. Patients found on chart review to have received other courses of radiation treatment to the chest for recurrence or other causes were excluded from all analyses. Patients with bilateral breast cancer who received radiation treatment to both sides of the chest were excluded from the comparison of leftvs right-sided patients. Patient demographics were documented, including age and race. Details of the patients' breast cancer treatment were also documented, as well as any systemic therapies received. Adjuvant use of a systemic agent was defined as use of such an agent within 1 year of breast cancer diagnosis.
Charts were reviewed to determine whether patients had any established vascular risk factors at baseline (before their radiation therapy), including hypertension, diabetes, hypercholesterolemia, smoking, history of coronary artery disease (CAD), or history of stroke. Hypertension was established if it was documented in the patient's history, if medications included an antihypertensive agent for which there was no other obvious indication, or if 2 blood pressure readings in excess of 140 systolic or 90 diastolic were recorded within 1 year of one another, without other explanation. Diabetes was established if listed in the history, if the patient was taking insulin or an oral hypoglycemic agent, or if the laboratory value of hemoglobin A1c exceeded 6.5. Hypercholesterolemia was established if listed in the history, if the patient was taking an antihyperlipidemic agent, if total fasting serum cholesterol exceeded 220, or if fasting LDL exceeded 160. Details of smoking history were recorded, including whether the patient had ever smoked, start and quit dates, pack-years, and whether the patient was actively smoking at the time of RT. History of CAD was also noted, including prior MI, prior percutaneous coronary intervention or bypass surgery, catheterization-documented coronary stenosis, or documented history of angina. History of stroke was also assessed, including prior cerebrovascular accident causing a clinical neurological deficit of longer than 24 hours, infarction noted on brain imaging, or history of transient ischemic attack without persistent neurological deficit.
Charts were also reviewed to establish the development of ischemic heart disease in follow-up. Two categories of cardiac events were defined for analysis. One was restricted to MI alone. The other included either MI or CAD requiring percutaneous intervention or bypass surgery.
Observed rates of cardiac events were compared with expected age-, sex-, and race-specific rates to obtain standardized incidence ratios (SIRs). Expected rates were calculated from the National Hospital Discharge Surveys (NHDS) annual cross-sectional, population-based surveys of hospital discharge events for the US civilian population, obtained from the Centers for Disease Control and Prevention. 20 For purposes of this analysis, NHDS data from 1989 through 2003 were used to calculate the expected rates of cardiac events. For each survey year the NHDS database was queried by relevant ICD-9 diagnostic codes for the outcome of interest. Using the survey weights, the total number of discharges for the particular outcome of interest was calculated and summed across all 15 surveys used. The total discharges were totaled within 5-year age groups, which overlapped with the age distribution for the observed breast cancer patients. Five-year age groups started at age 20-24 and continued through 95-99. The total discharges were also totaled by the race category assigned to the patient (white, black, or other). The civilian population estimates for the US, published by the US Census Bureau, 21 for the survey years were used as the denominator for rate calculations.
The person-years of follow-up in the University of Michigan Radiation Oncology breast cancer database were calculated from the date of initiation of radiotherapy until the patient's date of death or last known contact date (defined strictly by the presence of records adequate to establish whether cardiac events had occurred). For each patient the personyears of follow-up attributed to each 5-year age group were calculated and the total person-years for the study population were summed by race category. The expected number of events for each age group was calculated by multiplying the NHDS rate by the total person-years for each age group. The expected number of events was then summed for all age groups to give an aggregate estimate. The observed to expected ratios-or SIRs-were then calculated. Confidence intervals (CIs) were calculated by iteratively resampling our population with replacement (1000 samples), the bootstrap technique, and calculating the SIR for each sample. Ninety-five percent CIs for the SIR estimates were constructed empirically using the 2.5th and 97.5th percentile of the bootstrap distribution as the confidence limits. 22 Next, actuarial curves were analyzed to examine the relation between potential risk factors and the actuarial rate of first cardiac event in the patients treated at the University of Michigan. The time to the first cardiac event was calculated from the initiation of radiotherapy. Patients without a cardiac event were censored on the date of their death or last contact.
Relations between potential risk factors and actuarial rate of first cardiac event were analyzed using the product-limit method of Kaplan and Meier and the log-rank test statistic. To develop the best multivariate model for each endpoint, all characteristics were offered simultaneously to a single Cox proportional hazards regression model using a backward elimination algorithm for variable inclusion. Characteristics found to be at least marginally significant (P < .1) were retained and compared with bivariate analyses for evidence of confounding. As none was found, final models only retained significant characteristics, with significance defined by the usual P-value less then 5% criterion. Possible 2-way interactions between significant characteristics were also explored.
RESULTS
Of the 867 cases reviewed, 841 patients had medical records sufficient for cardiovascular event follow-up. Of these patients, 7 were excluded from analysis because each of these patients received an additional course of RT to the chest, either before or after treatment of their primary breast cancers, for treatment of other cancers, nonmalignant conditions, or breast cancer recurrence. This left 834 patients analyzable for time to first cardiovascular event. The median followup time for this population was 6.8 years (range, 1 month to 20.3 years). Excluded cases (n ¼ 33) were similar to the analyzable sample for age, race, and radiation dose administered to the breast. For an additional 6 patients, medical records could not identify the patient's racial group. Therefore, 828 patients, comprising 6232 person-years, were used for comparison to the general population's expected cardiovascular events rates and for calculation of SIRs.
Of the analyzable sample (N ¼ 834), 795 received radiation therapy to 1 breast alone. In the analyses that follow below, results based on the full set of 834 cases are presented where possible. Exceptions include the calculations of SIRs and time-to-event analyses that consider the laterality of the radiotherapy treatment, where 828 and 795 patients are considered, respectively.
Demographic characteristics of the patient population, cardiovascular risk factors, and characteristics of breast cancer treatment are detailed in Table 1 . Median patient age at time of RT was 55.7 years (range, 21.7-88.5 years).
Overall, 12 (1.4%) patients had at least 1 MI on follow-up and 20 (2.4%) patients had at least 1 MI or CAD requiring intervention on follow-up. Of the patients with MI, all had a single event. When considering either MI or CAD requiring intervention, and defining ''event'' as a single episode in terms of time (during which a patient might have had both an MI and an intervention), 18 patients had a single event, 1 had 2 events, and 1 had 3 events.
The median age at first cardiac event (either MI or CAD requiring intervention) was 75.9 years (range, 43.1-91.5). The median interval from initiation of RT to occurrence of the first cardiac event was 3.7 years (range, 13 days to 15.4 years).
The overall risks of cardiac events were lower than those in the age-matched control population. The SIR of MI was 0.44 (95% CI: 0.21-0.70). The SIR of MI or CAD requiring intervention was 0.50 (95% CI: 0.27-0.68). Figure 1 shows the cumulative incidence of MI and Figure 2 shows the cumulative incidence of cardiac events (either MI or CAD requiring intervention), by laterality, during follow-up for the 795 patients in the University of Michigan series treated with RT to 1 side. At 10 years of follow-up the overall cumulative risk was 1.2% for MI and 2.7% for MI or CAD requiring intervention. The occurrence of first MI was strongly associated with the age of the patient at breast cancer treatment (hazard ratio [HR] ¼ 1.11, 95% CI: 1.05-1.17, P ¼ .0004). The occurrence of first MI or CAD requiring intervention was also strongly associated with the age of the patient at breast cancer treatment (HR ¼ 1.09, 95% CI: 1.05-1.14, P < .0001). Bivariate associations for other baseline risk factors and clinical and treatment characteristics, after adjustment for the patient's age at breast cancer treatment, are presented in Table 2 . There was no significant relation between the incidence of cardiac events and tamoxifen or chemotherapy administration. Factors significantly associated with the cumulative incidence of first MI included diabetes mellitus, smoking, and laterality of the irradiated breast. The only factor significantly associated with the incidence of first MI or CAD requiring intervention was active smoking, although diabetes mellitus also trended toward significance.
On multivariate analysis, as shown in Table 3 , age, diabetes mellitus, active smoking, and laterality of the treated breast remained significant predictors of MI. Age and active smoking were the only significant predictors of MI or CAD requiring intervention.
DISCUSSION
Techniques of radiation therapy have evolved dramatically over the past several decades. 23 By the 1980s, most radiation oncologists had abandoned cobalt units and outdated techniques such as deep tangents and en face 'hockey stick' fields and began routinely to treat breast cancer patients with standard tangents with megavoltage linear accelerators. In more recent years, some centers also began to use 3D CT-based planning for left-sided breast cancers.
24 3D planning may be particularly useful for minimizing cardiac irradiation because it allows for quantification of heart dose and greater planning flexibility to utilize off-axis fields and exploit the angles of treatment based on each patient's unique geometry. However, the use of CT-planning for breast cancer has only slowly become more widespread in clinical practice. Indeed, a recent analysis of patterns 25 More recently, even more sophisticated techniques-including intensity modulated radiation therapy, 26 breathing controlled radiation, [27] [28] [29] [30] [31] and other innovations 32 -have also been explored. In this series of patients treated at the University of Michigan over the past 2 decades the overall risks of MI and CAD requiring intervention were significantly lower than the expected rates calculated using the NHDS. Nevertheless, we did find a statistically significant increase in the risk of MI in patients irradiated to the left breast, compared with those irradiated to the right. Given the size of this single institution's series and the small number of events, the size of the confidence interval surrounding the hazard ratio is quite large. Moreover, the absolute risk is extremely low, such that even a large increase in relative risk contributes to an absolute risk elevation that is small in magnitude. Nevertheless, given other studies suggesting that the cardiac toxicity from RT is not fully manifest until many years after exposure, 33 it is noteworthy that this study, with a median follow-up of 7 years, did detect a difference between left-and right-sided treatment. Furthermore, this study is consistent with the experience recently reported by the University of Pennsylvania, where left-sided patients treated with tangential irradiation were again found to have significantly higher rates of chest pain, CAD, and MI. 12 Therefore, this finding supports further investigation of the potential impact of CT planning in allowing quantification and reduction of cardiac dose, as compared with the clinical planning utilized for the treatment of the vast majority of patients in this study. In light of the data that even patients treated with CT planning may have significant perfusion defects, 15 it is important to obtain long-term clinical follow-up in patients treated with this technique. This is particularly important because the use of chemotherapeutic agents such as doxorubicin and trastuzumab in the modern era may compound any radiation-induced damage that may occur. In addition, it will be valuable to compare these results with those obtained using techniques such as intensity modulation and breathing control, which may be valuable in further minimizing the longterm cardiac risks faced by breast cancer patients, particularly with left-sided disease. Ideally, these clinical outcomes should be assessed in the context of a randomized clinical trial.
Patients in this series had a lower risk of MI and CAD requiring intervention than expected from comparison to a matched control population. This suggests that survivors of early-stage breast cancer may have a lower risk of ischemic cardiac events compared with the general American population. This is consistent with the finding of the only other published study exploring MI rates in breast cancer patients of which we are aware. 13 The mechanisms for this finding have yet to be established, but hypotheses have been proposed.
One possibility is that the use of hormonal therapy in many of these patients may lower their cardiac risk, although the net effects of selective estrogen receptor modulators upon cardiac risk have yet to be clearly established. [34] [35] [36] [37] [38] [39] [40] Another possibility is that endogenous estrogens, which play a pathogenetic role in the development of breast cancer, may be protective against cardiac disease. Yet another interesting idea is that IGF-1, which has also been implicated in the pathogenesis of breast cancer, 41 may have vasculoprotective effects. [42] [43] [44] Further study is necessary to explore each of these possibilities, which may have important implications for the treatment of both breast cancer and cardiac disease. However, it is important to note the potential limitations of the comparison of the University of Michigan series to a control population drawn from the NHDS. First, because of a change in the ICD-9 coding system in 1989, only the years 1989-2003 could be used in calculating expected rates, whereas observed rates were drawn from a cohort treated between the years 1984-2000 (and followed through 2004). Therefore, to some extent, a simple increase in the incidence of CAD over time would itself contribute to a finding of a lower rate of CAD in the observed population than expected, insofar as the expected rates were calculated from a population derived from later years. Still, it does not appear that the age-adjusted incidence of CAD has increased in the past 2 decades. 45, 46 Furthermore, this study relies heavily on the accuracy of the NHDS sampling strategy and US Census Bureau's yearly population estimates. It is important to note that there was considerable variability from year to year in the mean rates of cardiac events in these surveys, when summed by 5-year age group and race categories, as used to construct the population parameters for our calculations. Therefore, although the strongly significant finding suggests that rates of MI and CAD requiring intervention are likely lower among the patients in our series than expected, the actual magnitude of the difference in observed and expected rates may be overestimated due to these methodological issues in the calculation of expected rates.
Conclusions
In summary, in this series of patients treated for early-stage breast cancer with breast-conserving surgery and adjuvant RT at the University of Michigan, the cumulative incidence of MI and CAD requiring intervention was very low, and significantly lower than that which would have been expected based on the patients' age, sex, and race alone. There appears to be some increased risk for patients treated to the left side of the chest, compared with those treated to the right, but the absolute magnitude of the increased risk, at least during the first decade after treatment, is low. Nevertheless, these findings support further assessment of clinical outcomes when newer techniques of CT planning are employed, as well as investigation of the potential role of innovative techniques such as intensity modulated radiotherapy and breathing controlled radiation. Such techniques may be valuable in reducing the volume of heart irradiated and, therefore, the long-term mortality and morbidity that may result from this integral part of the conservative treatment of breast cancer, particularly in patients with left-sided disease.
